Frisbee, Jefferson C. Reduced nitric oxide bioavailability contributes to skeletal muscle microvessel rarefaction in the metabolic syndrome. Am J Physiol Regul Integr Comp Physiol 289: R307-R316, 2005. First published March 31, 2005; doi:10.1152/ajpregu.00114.2005.-This study tested the hypothesis that chronically elevated oxidant stress contributes to impaired active hyperemia in skeletal muscle of obese Zucker rats (OZR) vs. lean Zucker rats (LZR) through progressive deteriorations in microvascular structure. Twelve-week-old LZR and OZR were given 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (tempol) in the drinking water for ϳ4 wk. Subsequently, perfusion of in situ gastrocnemius muscle was determined during incremental elevations in metabolic demand, while a contralateral skeletal muscle arteriole and the gastrocnemius muscle was removed to determine dilator reactivity, vessel wall mechanics, and microvessel density. Under control conditions, active hyperemia was impaired at all levels of metabolic demand in OZR, and this was correlated with a reduced microvessel density, increased arteriolar stiffness, and impaired dilator reactivity. Chronic tempol ingestion improved perfusion during moderate to high metabolic demand only and was associated with improved arteriolar reactivity and microvessel density; passive vessel mechanics were unaltered. Combined antioxidant therapy and nitric oxide synthase inhibition in OZR prevented much of the restored perfusion and microvessel density. In LZR, treatment with N -nitro-L-arginine methyl ester (L-NAME) hydrochloride and hydralazine (to prevent hypertension) impaired active hyperemia, dilator reactivity, and microvessel density, although arteriolar distensibility was not altered. These results suggest that with the development of the metabolic syndrome, chronic reductions in nitric oxide bioavailability, in part via the scavenging actions of oxidative free radicals, contribute to a loss of skeletal muscle microvessels, leading to impaired muscle perfusion with elevated metabolic demand. microcirculation; regulation of skeletal muscle blood flow; functional hyperemia; active hyperemia A DEVELOPING CHARACTERISTIC of the metabolic syndrome, defined as the combined presentation of obesity, insulin resistance/type II diabetes mellitus, dyslipidemia, and hypertension (1, 2, 48), is a progressive inability to match blood flow to working tissues with metabolic demand arising from those tissues, such that an evolving ischemic condition develops (1). Although this syndrome presently afflicts more than 47 million people in the United States (1, 48), defining specific causes underlying this perfusion/demand mismatch has been challenging, as previous studies in human subjects have determined that alterations to vascular reactivity (12, 13, 15, 31), a progressive structural narrowing of individual vessels (46, 47, 51) , and a developing reduction in the density of microvessels within skeletal muscle (38, 58) can all occur during the metabolic syndrome in afflicted individuals. Each of these conditions has the potential to elevate vascular resistance (27, 45) and compromise the ability of skeletal muscle to resist fatigue through impairments in the processes of mass transport and exchange (42, 43, 49, 52) .
A DEVELOPING CHARACTERISTIC of the metabolic syndrome, defined as the combined presentation of obesity, insulin resistance/type II diabetes mellitus, dyslipidemia, and hypertension (1, 2, 48) , is a progressive inability to match blood flow to working tissues with metabolic demand arising from those tissues, such that an evolving ischemic condition develops (1) . Although this syndrome presently afflicts more than 47 million people in the United States (1, 48) , defining specific causes underlying this perfusion/demand mismatch has been challenging, as previous studies in human subjects have determined that alterations to vascular reactivity (12, 13, 15, 31) , a progressive structural narrowing of individual vessels (46, 47, 51) , and a developing reduction in the density of microvessels within skeletal muscle (38, 58) can all occur during the metabolic syndrome in afflicted individuals. Each of these conditions has the potential to elevate vascular resistance (27, 45) and compromise the ability of skeletal muscle to resist fatigue through impairments in the processes of mass transport and exchange (42, 43, 49, 52) .
We have recently investigated skeletal muscle vascular and microvascular consequences of evolution of the metabolic syndrome in the obese Zucker rat (OZR), a model of this condition that results from chronic hyperphagia experienced by the animal as a result of a deficient leptin receptor gene (7, 8) .
In adult OZR, we have determined that microvessel density within gastrocnemius muscle is markedly reduced and that this reduction contributes, with a structural narrowing of individual skeletal muscle microvessels (18, 54) and an augmentation in vascular ␣-adrenergic reactivity (17, 55) , to elevate the vascular resistance to perfusion and the rate at which skeletal muscle fatigues with elevated metabolic demand (19) .
Our previous study examining impairments in skeletal muscle perfusion in OZR has suggested that although an enhanced vascular ␣-adrenergic reactivity contributes significantly to reduced blood flow under resting conditions, this process does not play a role in blunting muscle perfusion with more substantial increases in metabolic demand (17) . We have also previously determined that an acute amelioration of vascular oxidant stress, substantially elevated in OZR, does not improve functional hyperemia in skeletal muscle, despite considerable improvements in the agonist-induced dilator reactivity of arterioles (19, 21, 22) . Taken together, these observations suggest that alterations to microvascular structure could play a major role in limiting skeletal muscle perfusion with increased metabolic demand in OZR. Given the observations that the insulinresistant condition, strongly present in OZR, causes a chronic reduction in the bioavailability of nitric oxide (23, 33, 53) and that previous studies examining mechanisms of angiogenic collateralization have suggested the central importance of nitric oxide bioavailability in the development of new microvessels (25, 35, 40, 41) , we hypothesized that chronic reductions in nitric oxide bioavailability, in part via oxidative radical scavenging (4, 58) , might contribute to structural alterations to microvascular networks in skeletal muscle of OZR, elevating vascular resistance and impairing functional hyperemic responses.
MATERIALS AND METHODS

Animals.
Male lean Zucker rats (LZR) and OZR fed standard chow and tap water ad libitum were used for all experiments. Rats were housed in an American Association for Accreditation of Laboratory Animal Care-accredited animal care facility, and all protocols received prior Institutional Animal Care and Use Committee approval from the Medical College of Wisconsin and West Virginia University. After an overnight fast, rats were anesthetized with injections of pentobarbital sodium (50 mg/kg ip) and received tracheal intubation to facilitate maintenance of a patent airway. In all rats, a carotid artery and an external jugular vein were cannulated for determination of arterial pressure and for both acquisition of blood samples and intravenous infusion of supplemental anesthetic, if necessary. While the rats were under anesthetic, an aliquot of blood was drawn from the jugular vein to be used for the biochemical determination of blood glucose concentration, plasma insulin concentration (Linco), plasma 8-epi-prostaglandin F 2␣ (Cayman), as well as a plasma lipid profile (Sigma) from each animal using commercially available kits.
Preparation of isolated skeletal muscle resistance arterioles. In anesthetized rats, the intramuscular continuation of the right gracilis artery was identified and the vessel was surgically removed. Arterioles were placed in a heated chamber (37°C) that allowed the vessel lumen and exterior to be perfused and superfused, respectively, with physiological salt solution (PSS; equilibrated with 21% O 2, 5% CO2, 74% N2) from separate reservoirs. Vessels were cannulated at both ends and were secured to inflow and outflow pipettes connected to a reservoir perfusion system allowing intralumenal pressure and gas concentrations to be controlled. Vessel diameter was measured using television microscopy and an on-screen video micrometer. Arterioles were extended to their in situ length and were equilibrated at 80% of the animal's mean arterial pressure (Table 1) .
Subsequent to the initial equilibration period, the reactivity of isolated arterioles was assessed following challenge with: 1) acetylcholine (10 Ϫ10 M Ϫ 10 Ϫ5 M), 2) hypoxia (⌬PO2 from ϳ135 mmHg Ϫ ϳ45 mmHg), and 3) sodium nitroprusside (10 Ϫ10 M Ϫ 10 Ϫ5 M). As the assessment of vascular reactivity was designed to provide an estimation of nitric oxide bioavailability, acetylcholine was used because previous studies have demonstrated that this response in skeletal muscle arterioles is nearly entirely nitric oxide-dependent (22) , while responses to hypoxia are partially nitric oxide-dependent (20, 34) , and sodium nitroprusside acts as an endothelium-independent nitric oxide donor.
After completion of the above procedures, the perfusate and superfusate were replaced with Ca 2ϩ -free PSS, and vessels were treated with 10 Ϫ7 M norepinephrine until reactivity and tone were abolished. At this time, intralumenal pressure within the isolated vessel was altered, in 20-mmHg increments, between 0 mmHg and 160 mmHg, and the inner and outer diameter of the arterioles was determined at each pressure. To ensure that a negative intralumenal pressure was not exerted on the vessel, 5 mmHg was used as the "0 mmHg" intralumenal pressure point; all other values of intralumenal pressure were multiples of 20 mmHg up to 160 mmHg. Specific pressures were randomized to prevent the occurrence of ordering effects. These data were used to calculate arteriolar wall mechanics, which were used as indicators of structural alterations to individual microvessels.
Preparation of in situ blood-perfused skeletal muscle. In LZR and OZR, the left gastrocnemius muscle was isolated in situ, as described previously (19) . Briefly, after a medial incision, all muscles, vessels, and connective tissue overlying the gastrocnemius were removed, exposing the gastrocnemius muscle, its vascular supply, and the sciatic nerve. The nerve was double-ligated and sectioned proximally, leaving a ϳ1-inch length of the nerve to facilitate stimulation of muscle contraction. All branches from the femoral/popliteal artery that did not perfuse the gastrocnemius were ligated or cauterized, depending on size and location. The distal stump of the sciatic nerve was inserted into a stimulating electrode and tied in place. Finally, a microcirculation flow probe (Transonic; 0.5PS or 0.7PS) was placed around the femoral artery, immediately distal to its origin from the iliac artery, to measure gastrocnemius muscle perfusion. The entire preparation was covered in PSS-soaked gauze and plastic film to minimize evaporative water loss and was placed under a lamp to maintain temperature at ϳ37°C. At this time, heparin (1,500 IU/kg) was infused via the jugular vein to prevent blood coagulation.
Measurement of nitric oxide and superoxide production. From each animal, the right femoral artery was removed, and vascular nitric oxide and superoxide production was assessed using 4,5-diaminofluorescein (DAF-2DA) and dihydroethidine microfluoresence, respectively, as described previously (60) . Briefly, DAF-2DA reacts in the presence of NO and O2 to produce the fluorescent compound triazolofluorescein (DAF-2T) at levels proportional to NO levels (36, 60) . Femoral arteries were incubated with DAF-2DA (5 ϫ 10 Ϫ6 M) for 30 min at 37°C in HEPES buffer. Vessels were rinsed and placed in HEPES buffer with 10 Ϫ4 M L-arginine to maintain substrate bioavailability. The vascular endothelial layer was visualized with a Nikon E 600 microscope (Nikon; Tokyo, Japan) by using an ϫ10 Plan Fluophase objective. After a 30-min period in which images were acquired every 5 min, images were acquired every 5 min for an additional 30 min after application of the stable acetylcholine analog methacholine (10 Ϫ5 M). Images were acquired using Metamorph Image Acquisition software (Universal Imaging, West Chester, PA) by using a 490-nm wavelength for excitation and a 530-nm wavelength for emission. Acquired images were analyzed for fluorescent intensity, and the rate of nitric oxide generation was calculated as the change in arbitrary units of fluorescent intensity per minute over the respective 30-min period. In a subset of experiments under each condition diethylenetriamine (DETA) NONOate (10 Ϫ4 M) was applied to vessels as a Table 1 . Baseline characteristics of animals used in the present study positive control and to demonstrate that generation of DAF-2T had not been saturated following challenge with methacholine. The procedures used to assess vascular superoxide production were similar to those described above for nitric oxide. Briefly, dihydroethidine (DHE) is a lipophilic, cell-permeable dye that is rapidly oxidized into ethidium in the presence of free radical superoxide. The produced ethidium is fixed by intercalation into nuclear DNA, thus giving an indication of oxidant stress within cells under investigation. Segments of the excised femoral arteries were placed in HEPES buffer (37°C) for 30 min. DHE (Molecular Probes) was then added to the vessels for 30 min, and then vessels were rinsed in HEPES buffer. The vascular endothelial layer was visualized using the equipment described above, and images were acquired every 5 min for an hour using a 490-nm wavelength for excitation and a 605-nm wavelength for emission. Acquired images were analyzed for fluorescent intensity, and the rate of superoxide generation was calculated as the change in arbitrary units of intensity per minute over the 60-min period. In select experiments, the mitochondrial superoxide inducer menadione (5 ϫ 10 Ϫ4 M) and the superoxide dismutate inhibitor sodium diethyldithiocarbamate trihydrate (DETC; 10 Ϫ4 M; Sigma) were added to the vessels simultaneously as a positive control.
Histological determination of microvessel density. At the conclusion of the muscle contraction protocols, the gastrocnemius muscle was removed, rinsed in PSS, and fixed in 0.25% formalin. Muscles were embedded in paraffin and cut into 5-m cross sections. Sections were incubated with Griffonia simplicifolia I lectin (Sigma), as described previously (16, 19, 26) . This procedure selectively stains all microvessels with a diameter Յ20 m, preferentially arterioles and capillaries vs. venules, regardless of perfusion status (26) . Sections were rinsed in PSS and were mounted on microscope slides with a water-soluble medium (SP, ACCU-MOUNT 280, Baxter). With the use of fluorescence microscopy, microvessel localization was performed with a Nikon E600 upright microscope with a ϫ20 objective lens (Plan Fluo phase NA 0.5). Excitation was provided by a 75-Wt Xenon Arc lamp through a Lambda 10 -2 optical filter changer (Sutter Instrument, Novato, CA) controlling a 595-nm excitation filter and a 615-nm emission filter. The microscope was coupled to a cooled CCD camera (Micromax; Princeton Instruments, Trenton, NJ). From each gastrocnemius muscle, six individual cross sections were used for analysis, with 6 randomly selected regions within an individual cross section chosen for study. Each region of study had an area of ϳ1.47ϫ10 5 m 2 . Within each region studied, all labeled microvessels were counted. All acquired images from individual sections were analyzed for microvessel number using Metamorph imaging software (Universal Imaging, Downingtown, PA).
Experimental protocols. In all protocols, before preparation of the left gastrocnemius muscle, the right gracilis muscle resistance arteriole was surgically removed and isolated for the evaluation of vascular reactivity and passive mechanical characteristics of the vessel wall, described above. Upon completion of the full surgical preparation, the gastrocnemius muscle was stimulated (via the sciatic nerve) to perform bouts of isometric twitch contractions (1, 3, or 5 Hz, 0.4 ms duration, 5V) lasting for 3 min followed by 15 min of self-perfused recovery, with arterial pressure and femoral artery blood flow continuously monitored. After completion of the muscle stimulation protocols, the gastrocnemius muscle was removed, cleared of all nonmuscular tissue and the mass determined. Finally, the muscle was prepared for the determination of microvessel density, and segments of the contralateral femoral artery were removed for assessment of nitric oxide bioavailability and superoxide production, as described above. Initial experiments were performed on LZR (n ϭ 6) and OZR (n ϭ 6) under control conditions at 16 -17 wk of age. To determine the impact of chronic reductions in oxidant stress on the measured parameters, the second series of experiments was performed on 16-to 17-wk-old LZR and OZR that had been given drinking water containing 10
Ϫ3 M 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (tempol; Sigma; n ϭ 5 for both strains) for the preceding 4 -5 wk. For the third series of experiments, 12-wk-old LZR were given drinking water containing either L-NAME (n ϭ 5) or L-NAME and hydralazine (n ϭ 5) for 4 wk to determine the effects of chronic reductions in nitric oxide bioavailability on perfusion and microvessel structure. The final group (L-NAME ϩ hydralazine) was included to control for the effects of elevated mean arterial pressure which ensues as a result of chronic inhibition of nitric oxide synthase in rats (3, 9) . Our previous study demonstrated that treatment with hydralazine had no effect on microvessel density in LZR (16) . The final series of experiments determined the effects of a low oxidant stress condition and low nitric oxide bioavailability on microvascular structure/function and skeletal muscle perfusion in OZR. In this protocol, 12-wk-old OZR were given tap water containing L-NAME and tempol (n ϭ 6) for 4 -5 wk.
Data and Statistical Analyses
Arteriolar reactivity. Dilator responses of isolated arterioles following challenge with acetylcholine or sodium nitroprusside were fit with the three-parameter logistic equation:
where y represents the change in arteriolar diameter, "min" and "max" represent the lower and upper bounds, respectively, of the change in arteriolar diameter with increasing agonist concentration, x is the logarithm of the agonist concentration and logED 50 (ED50, halfmaximal effective dose) represents the logarithm of the agonist concentration (x) at which the response (y) is halfway between the lower and upper bounds.
Muscle perfusion experiments. Muscle perfusion data were normalized to gastrocnemius muscle mass, which did not differ between LZR (2.4 Ϯ 0.1 g) and OZR (2.3 Ϯ 0.1 g).
Vascular mechanics. The calculations for determining the passive mechanical characteristics of the microvessel wall follow.
Incremental arteriolar distensibility (DIST INC; % change in arteriolar diameter/mmHg) was calculated as
where ⌬ID represents the change in internal arteriolar diameter for each incremental change in intralumenal pressure (⌬PIL). For the calculation of circumferential stress, intralumenal pressure was converted from mmHg to N/m 2 , where 1 mmHg ϭ 1.334 ϫ 10 2 N/m 2 . Circumferential stress () was then calculated as
where WT represents wall thickness (m; calculated as half of the difference between arteriolar outer diameter and inner diameter). Circumferential strain (ε) was calculated as
where ID5 represents the internal arteriolar diameter at the lowest intralumenal pressure (i.e., 5 mmHg). Circumferential stress vs. strain curves were fit with an exponential regression equation: y ϭ ␣0e ␤x ; where y represents circumferential wall stress at a given wall strain x, ␣0 represents an intercept term, and ␤ represents a constant related to the rate of increase of the stress vs. strain curve. All fitting of regression equations used ordinary least squares analysis with r 2 Ͼ 0.84).
All data are presented as means Ϯ SE. For arteriolar reactivity, statistically significant differences in upper bound, logED 50, or arteriolar responses to hypoxia were determined using ANOVA. Similarly, differences in individual characteristics describing the extent of the metabolic syndrome between LZR and OZR, microvessel density within gastrocnemius muscle, the rate of change in fluorescent intensity for nitric oxide or superoxide production, slope coefficients describing the circumferential stress vs. strain relationship, and gastrocnemius muscle perfusion were determined using ANOVA. Differences in arteriolar incremental distensibility between groups were determined using repeated-measures ANOVA. In all cases, a StudentNewman-Keuls post hoc test was used when appropriate and P Ͻ 0.05 was taken to reflect statistical significance.
RESULTS
Data describing the baseline characteristics of LZR and OZR under the conditions of the present study are summarized in Table 1 . At the time of experimentation, OZR were much heavier than LZR and demonstrated a significant elevation in blood pressure, as well as hyperglycemia, hyperinsulinemia, and a severe hypertriglyceridemia. Further, the in vivo marker of lipid peroxidation, 8-epi-prostaglandin F 2␣ , was elevated in OZR vs. LZR, indicative of a chronic elevation in oxidant stress within the blood and vascular system. Chronic ingestion of tempol (with or without L-NAME) had no impact on most of the measured characteristics of the metabolic syndrome in OZR but significantly reduced plasma levels of 8-epi-prostaglandin F 2␣ , suggesting that this treatment effectively produced a chronic reduction in oxidative stress in OZR. In LZR, chronic blockade of nitric oxide synthase caused a significant increase in mean arterial pressure compared with responses in untreated LZR, although all other measured parameters were unaltered. This hypertensive effect of chronic L-NAME treatment was abolished by concurrent administration of hydralazine.
Data describing the diameter of isolated gracilis muscle resistance arterioles from LZR and OZR under both active and passive conditions in the present study are summarized in Table 2 . At the respective equilibration pressures within each experimental group, active arteriolar diameter, although somewhat variable, did not demonstrate statistically significant differences between groups. In contrast, arteriolar diameter under Ca 2ϩ -free conditions was significantly reduced in vessels from OZR vs. LZR. As a result of this reduced passive diameter, the active tone in vessels from OZR was also significantly reduced compared with that for vessels from LZR.
The reactivity of skeletal muscle resistance arterioles from LZR and OZR in response to dilator stimuli under the conditions of the present study is summarized in Fig. 1 . In untreated OZR, dilator responses to acetylcholine (A), hypoxia (B), and sodium nitroprusside (C) were significantly attenuated compared with levels determined in vessels from untreated LZR. 
Values are presented as means Ϯ SE. All values were determined at the respective equilibration pressure (80% of mean arterial pressure) for the individual animal group. Active tone for vessels was calculated as (⌬D/ Dmax) ⅐ 100, where ⌬D is the diameter increase from rest in response to Ca 2ϩ -free PSS and Dmax is the maximum diameter measured at the equilibration pressure in Ca 2ϩ -free PSS. *P Ͻ 0.05 vs. LZR (control); †P Ͻ 0.05 vs. LZR (L-NAME). Chronic treatment with tempol alone, while having no significant effect on dilator responses in vessels of LZR (data not shown), significantly enhanced both acetylcholine-induced and hypoxic dilation in vessels from OZR, although responses remained blunted compared with those in untreated LZR. In response to chronic nitric oxide synthase (NOS) inhibition, the reactivity of arterioles from LZR in response to acetylcholine or reduced PO 2 was severely attenuated, while sodium nitroprusside-induced dilation was largely unaltered. In animals receiving combined NOS blockade and antihypertensive therapy, the abrogated acetylcholine-induced dilation determined in response to L-NAME treatment alone was not altered, although the dilator response to hypoxia was improved. Combined chronic treatment with tempol and L-NAME severely attenuated dilator responses to acetylcholine in OZR, although responses to hypoxia were only mildly blunted compared with tempol treatment alone, and responses to sodium nitroprusside were largely unaffected.
The results of the fluorescence microscopy evaluation of vascular nitric oxide bioavailability and superoxide production are presented in Fig. 2 . In untreated OZR, both basal (A) and methacholine-stimulated (B) production of nitric oxide was blunted vs. levels determined in vessels from untreated LZR. Chronic tempol treatment increased both basal and stimulated nitric oxide bioavailability in OZR, although these values were still reduced vs. those determined in vessels from LZR. The presence of chronic L-NAME treatment, in either strain, under any condition, severely abrogated nitric oxide bioavailability under both basal and methacholine-stimulated conditions. Application of DETA NONOate resulted in a substantial increase in fluorescent intensity in vessels from both strains under all conditions (data not shown).
OZR exhibited a substantial increase in the rate of vascular superoxide production compared with responses determined in LZR (Fig. 2C) . In contrast, superoxide generation was attenuated in vessels from OZR in response to chronic treatment with tempol compared with responses in vessels from untreated animals. Baseline vascular superoxide generation was not significantly altered in response to chronic treatment with L-NAME in LZR. In OZR, combined chronic treatment with both tempol and L-NAME had minimal impact on vascular superoxide production compared with responses determined following chronic tempol treatment alone. Acute treatment of vessels of LZR and OZR with tempol abolished differences in oxidant stress between the strains, while treatment with menadione and DETC caused a significant increase in the rate of superoxide generation in vessels from both LZR and OZR (data not shown). Figure 3 presents data describing the mechanics of the skeletal muscle resistance arteriolar wall in OZR and LZR. Under Ca 2ϩ -free conditions, arteriolar incremental distensibility was reduced in OZR compared with LZR (A), and there was a left shift in the circumferential wall stress vs. strain relationship (B). Chronic treatment of OZR with the superoxide dismutase mimetic alone did not alter the mechanics of the arteriolar wall compared with responses determined in vessels from untreated OZR. Tempol treatment also had no impact on these responses in vessels from LZR (data not shown). Chronic NOS inhibition alone caused a consistent, although not statistically significant (P ϭ 0.141), decrease in arterial distensibility and a left shift in the stress vs. strain relationship in Fig. 2 . The rate of vascular nitric oxide production under basal (A) and methacholine-stimulated (B) conditions and the rate of superoxide generation (C) in femoral arteries from LZR and OZR, as determined using diaminofluorescein and dihydroethidine fluorescence microscopy, respectively. Data (mean Ϯ SE) describe the rate of change in nitric oxide or superoxide production as the increase in arbitrary units of fluorescent intensity per minute. Data are presented for arteries from LZR and OZR under control conditions, following chronic NOS inhibition (Ϯhydralazine) in LZR, and following chronic treatment with tempol (ϮL-NAME) in OZR. *P Ͻ 0.05 vs. response in untreated LZR, †P Ͻ 0.05 vs. response in untreated OZR, ‡P Ͻ 0.05 vs. response from OZR chronically treated with tempol.
arterioles of LZR. Combined treatment with hydralazine completely abolished any increase in vascular stiffness in LZR. In OZR, chronic concurrent ingestion of tempol and L-NAME had no effect on incremental distensibility and the stress vs. strain relation compared with vessels of OZR treated with tempol only. Figure 4 presents gastrocnemius muscle microvessel density in LZR and OZR. As shown in Fig. 4 , microvessel density in untreated OZR was significantly reduced compared with levels in untreated LZR. While chronic treatment with tempol alone had no impact on microvessel density in gastrocnemius muscle of LZR (data not shown), tempol treatment reduced the extent of the microvascular rarefaction in skeletal muscle of OZR. In LZR, chronic NOS inhibition resulted in a decreased gastrocnemius muscle microvessel density compared with that in untreated LZR. However, combined treatment of L-NAME and hydralazine (to eliminate any confounding influence of elevated mean arterial pressure) did not significantly improve microvessel density from levels determined in LZR treated with L-NAME alone. In OZR, combined treatment with tempol and L-NAME prevented any recovery in microvessel density brought about by chronic ingestions of the oxidative radical scavenger alone.
Data describing skeletal muscle perfusion in OZR and LZR under resting conditions and with increased metabolic demand are presented in Fig. 5 . Gastrocnemius muscle blood flow was significantly reduced in untreated OZR compared with levels determined in control LZR under resting conditions, and in response to 3 min of muscle contraction at 1, 3, or 5 Hz isometric twitch contractions. Chronic ingestion of tempol did not alter skeletal muscle perfusion in OZR under resting conditions, or in response to a 1-Hz twitch contraction. In contrast, during 3 Hz, and more so during 5 Hz twitch contraction, chronic treatment of OZR with the superoxide dismutase mimetic resulted in an increased skeletal muscle perfusion compared with levels determined in untreated OZR. The hyperemic responses of the contracting gastrocnemius of LZR were not altered by the imposed tempol regimen (data not shown). With chronic L-NAME treatment, gastrocnemius muscle blood flow in LZR was comparable to that in untreated LZR both at rest and in response to a 1-Hz twitch contraction. However, with increased metabolic demand, LZR that received NOS inhibition exhibited an increased degree of ischemia compared with responses in control rats. With 3-Hz twitch contraction, perfusion was attenuated in LZR receiving NOS inhibition, although this did not reach statistical significance (P ϭ 0.101). Combined treatment of L-NAME and hydralazine did not alter these relationships. In OZR, combined treatment with tempol and L-NAME abolished the improved active hyperemic response determined following chronic tempol treatment alone, such that both resting blood flow and all active hyperemic responses were not significantly different from that determined in OZR under untreated conditions.
DISCUSSION
Our previous studies have demonstrated that the reactivity of skeletal muscle resistance arterioles is dramatically altered with development of the metabolic syndrome in the Zucker rat, Fig. 4 . Data (mean Ϯ SEM) describing gastrocnemius muscle microvessel density (A) in LZR and OZR at 16 -17 wk of age under the conditions of the present study. *P Ͻ 0.05 vs. untreated LZR; †P Ͻ 0.05 vs. untreated OZR; ‡P Ͻ 0.05 vs. OZR treated with tempol. Fig. 3 . Data describing the mechanics of the wall of isolated gracilis muscle resistance arterioles from LZR and OZR under passive (Ca 2ϩ -free) conditions. A: calculated incremental distensibility of the arteriolar wall from LZR and OZR with elevated intralumenal pressure. B: circumferential wall stress vs. strain relation for vessels of lean and obese Zucker rats. Data (mean Ϯ SEM) are presented for arterioles from LZR and OZR under control conditions, following chronic NOS inhibition (Ϯhydralazine) in LZR, and after chronic treatment with tempol (ϮL-NAME) in OZR. *P Ͻ 0.05 vs. response in arterioles from untreated LZR.
characterized by profound impairments to dilator reactivity and enhanced constrictor responses to both myogenic and ␣-adrenergic activation (19) . Although the impaired dilation and enhanced myogenic activity were partly a function of elevated vascular oxidant tone, the augmented ␣-adrenergic constriction was independent of oxidative stress and reflected alterations that were intrinsic to that signaling mechanism. In addition, structural modifications to individual microvessels were reflected in a reduced vessel wall distensibility (18, 54) , while vascular networks were modified through ongoing reductions in microvessel density (16, 18) . These influences combined to create an underperfusion of in situ skeletal muscle in OZR, both at rest and in response to elevated metabolic demand (17, 19) . However, attempts to improve perfusion through acute reduction in oxidant stress were unsuccessful. Whereas several indices of vascular reactivity were improved, basal blood flow to, and active hyperemic responses of, skeletal muscle were unaltered (19) . These observations, combined with our study demonstrating that the increased ␣-adrenergic reactivity of skeletal muscle arterioles restrains perfusion at rest and with mild-moderate elevations in metabolic demand only (17), suggested that alterations to vascular structure may contribute to skeletal muscle underperfusion in OZR during more profound increases in metabolic intensity.
The present results derived from LZR and OZR under control conditions provide support for our conceptual model. By 17 wk of age, OZR demonstrated all of the systemic markers for the metabolic syndrome, as defined in this study (Table 1) . Specifically, OZR were obese, markedly insulin resistant, dyslipidemic, with a moderate hypertension and an elevated in vivo oxidant stress [estimated using plasma levels of 8-epi-prostaglandin F 2␣ (29) ]. Skeletal muscle arteriolar reactivity to endothelium-dependent stimuli was strongly impaired in OZR (Fig. 1) , and this was associated with systemic vascular environment characterized by high oxidant stress and low nitric oxide bioavailability (Fig. 2) . Structurally, individual resistance arterioles were less distensible in OZR (Fig. 3) , and skeletal muscle microvascular networks were strongly rarefied (Fig. 4) . As a result, both basal perfusion and active hyperemia were blunted in muscle of OZR vs. LZR (Fig. 5) .
Given that a predominant effect of elevated superoxide production is nitric oxide scavenging (4, 58), we attempted to ameliorate this process through chronic treatment of OZR with tempol. The underlying premise of this protocol was that, if altered microvascular structure were a stronger contributor to underperfusion of skeletal muscle during elevated metabolic demand than was impaired vascular reactivity, acute antioxidant therapy could not be expected to have a restorative influence on hyperemic responses (19) . Chronic tempol treatment in OZR reduced plasma levels of 8-epi-prostaglandin F 2␣ , although other systemic indices of the metabolic syndrome were unaffected (Table 1) . Additionally, the effectiveness of chronic tempol treatment in reducing the oxidative environment was also evidenced in a reduced vascular superoxide production and increased nitric oxide bioavailability in OZR (Fig. 2) . This lowered oxidant stress was associated with an improved arteriolar reactivity to stimuli that were both predominantly (acetylcholine) and partially (hypoxia) dependent on the nitric oxide bioavailability (Fig. 1) . Interestingly, structural alterations to the microcirculation under this condition were limited to an improved skeletal muscle microvessel density alone (Fig. 4) , as chronic treatment with the antioxidant had no effect on arteriolar wall mechanics (Fig. 3) . The combined effect of these results was that active hyperemia in skeletal muscle of OZR was improved at moderate-high metabolic demand (Fig. 5) . The absence of improvement in skeletal muscle perfusion at rest and during lower levels of metabolic demand may not have been surprising for two reasons. First, it is less likely that structural constraints on perfusion would exert themselves and be discernible at lower levels of blood flow (18, 45) . Second, our recent study suggests that the enhanced ␣-adrenergic tone of skeletal muscle arterioles is a stronger influence reducing blood flow in OZR under resting conditions and with lower elevations in metabolic demand than other structural or functional variables (17) . These results clearly suggest that creation of chronic condition of more normal oxidant stress with improved nitric oxide bioavailability in OZR can contribute to a restoration of skeletal muscle perfusion with elevated metabolic demand. However, while our recent work strongly suggests that this improved perfusion in skeletal muscle of OZR is a function of a more normal vascular network structure (19), we cannot confidently rule out a contributing role for an enhanced reactivity of skeletal muscle microvessel at this time.
Given these results, and the recent work of others examining the effects of chronic reductions in nitric oxide bioavailability on microvascular network structure (25, 35, 40, 41) , LZR were treated with L-NAME to investigate the effects of low nitric oxide bioavailability per se without the confounding influence of elevated oxidant stress on microvascular structure and function and skeletal muscle perfusion. Chronic inhibition of nitric oxide synthase did not impact any of the systemic measurements in LZR, with the singular exception of mean arterial pressure (abolished by concurrent treatment with hydralazine). The effectiveness of chronic NOS inhibition in attenuating nitric oxide bioavailability was clear, as arteriolar dilation in response to acetylcholine was completely abolished (Fig. 1) and both basal and methacholine-stimulated nitric oxide production were blunted, with minimal changes in vascular superoxide production (Fig. 2) . Chronic NOS inhibition caused a mild increase in the stiffness of individual vessels, which was attributable to the elevated mean arterial pressure, as combined treatment with hydralazine completely prevented this. In contrast, chronic NOS inhibition reduced microvessel density in LZR, and this effect was independent of arterial pressure, as concurrent treatment with hydralazine did not restore vascularity. From a functional perspective, this chronic reduction in nitric oxide bioavailability resulted in a blunted active hyperemia at higher metabolic intensities, although perfusion at rest and with mild elevations in metabolic demand was unaltered. These results suggest that the chronic reduction in nitric oxide bioavailability may have been a significant stimulus for microvascular rarefaction in LZR.
Applying these results to OZR, it was reasonable to hypothesize that chronically low nitric oxide bioavailability may be the stimulus for microvascular rarefaction and that elevated oxidant tone may represent a mechanism for reducing bioavailability rather than prima facie cause of the rarefaction itself. The final set of experiments, which combined treatment of OZR with tempol (ϮL-NAME) allowed for comparisons of skeletal muscle microvascular function and perfusion under control conditions, under conditions of low oxidant stress/ elevated nitric oxide bioavailability (tempol), and under conditions of low oxidant stress/low nitric oxide bioavailability (tempol ϩ L-NAME). The results from these experiments demonstrated that chronic ingestion of tempol ϩ L-NAME created a condition of low oxidant tone and low nitric oxide bioavailability, compared with that for tempol treatment alone or under control conditions in OZR (Table 1, Figs. 1 and 2) . Although the structure of individual microvessels does not appear to be influenced by oxidant status in OZR (Fig. 3) , the reduced microvessel density in OZR under control conditions, improved in low oxidant stress/high nitric oxide bioavailability conditions following tempol treatment, was reduced toward control levels by the combined treatment with tempol and L-NAME (Fig. 4) . Thus, despite lowering of oxidant stress following tempol treatment, any improvement in microvessel density was only observed under conditions where nitric oxide bioavailability was also improved. Finally, the reductions in nitric oxide bioavailability reduced the improved active hyperemia in OZR from those identified in OZR treated with tempol back to levels that were not different from those in control OZR.
Taken together, these results suggest that skeletal muscle microvessel density in the Zucker rat model of the metabolic syndrome may be more closely a function of chronic nitric oxide bioavailability rather than chronic oxidant stress. Although oxidant stress certainly appears to act as a contributor to the reductions in nitric oxide bioavailability, other processes impacting bioavailability may also contribute to this net reduction. With specific relevance for the development of the metabolic syndrome, work from Bohlen's laboratory has demonstrated that increased activity and expression of protein kinase C constrains nitric oxide bioavailability in mesenteric microvessels of the Zucker diabetic fatty (ZDF) rat (5, 6) , such that dilation to elevated flow rate and reduced PO 2 are impaired. Further, recent study has shown that the availability of tetrahydrobiopterin (BH 4 ), a necessary cofactor for nitric oxide production, is diminished in ZDF rats (11, 44) . Additional influences on nitric oxide bioavailability may include a limitation on the availability of L-arginine as a substrate (28) and the effects of the endogenous inhibitor of nitric oxide synthase, asymmetric dimethylarginine (ADMA), the concentration of which has recently been shown to be elevated in individuals afflicted with multiple components of the metabolic syndrome (10, 14, 37, 38, 56, 57 ). When integrated with studies suggest-ing that endothelial NOS expression is not reduced in OZR vs. LZR (23, 32, 50) , further investigation into how these myriad processes contribute to the chronic reductions in nitric oxide bioavailability and how these may interact with the chronic elevations in oxidant stress represents an avenue for ongoing investigation.
Of most direct relevance to the present study may be recent work from Gealekman et al. (24) . In that study, microvascular density within the kidney of 8-and 22-wk-old ZDF rats was determined following chronic treatment with a peroxynitrite scavenger to assess the effects of oxidant scavenging of nitric oxide and the resulting generation of peroxynitrite on angiogenic responses. In that study, the authors determined that renal capillary density in ZDF rats was decreased at 22 wk and that the angiogenic competence of renal explants was impaired. However, treatment with scavenging of peroxynitrite partially prevented the decreased renal capillary density and explant angiogenic competence in ZDF rats. The results of both the present experiments and this recent study are compatible, in that both suggest that a balance between oxidant production, nitric oxide bioavailability, and the production of endproducts (i.e., peroxynitrite) may exist in the metabolic syndrome, wherein the balance between microvessel generation and regression is offset, producing a net rarefaction within diverse tissues. It should be emphasized that tempol, a cell-permeable superoxide dismutase mimetic, facilitates the dismutation reaction of superoxide and slows the scavenging of nitric oxide and the resulting production of peroxynitrite. As such, when incorporated with a previous study (24) , the present results do not rule out the possibility that the beneficial effects of chronic tempol treatment may also occur via a nonspecific downstream effect of the increased nitric oxide bioavailability (e.g., reduced peroxynitrite formation).
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